We combine field mapping with quartz microstructure and lattice preferred orientations (LPO) to constrain the mechanisms and spatio-temporal distribution of deformation surrounding the Median Tectonic Line (MTL), SW Japan. In the study area, the MTL occurs either as a narrow gouge zone or as a sharp contact between hangingwall quartzofeldspathic mylonites to the north and footwall pelitic schists to the south. Along the northern margin of the MTL, there exists a broad zone of mylonitic rocks, overprinted by cataclastic deformation and a damage zone associated with brittle deformation. The mylonitic shear zone is dominated by coarse-grained protomylonite up to~100 m from the MTL, where fine-grained ultramylonite becomes dominant. We observe a systematic variation in quartz LPO with distance from the MTL. In protomylonites, quartz LPOs are dominantly Y-maxima patterns, recording dislocation creep by prism<a> slip at~500°C. Closer to the MTL, we observe R-and Z-maxima, and single and crossed girdles, reflecting dislocation creep accommodated by mixed rhomb<a> and basal<a> slip, likely under cooler conditions (~300°C-400°C). Some ultramylonite samples yield weak to random LPOs, interpreted to result from the influx of fluid into the shear zone, which promoted deformation by grainsize-sensitive creep. Following cooling and uplift, deformation became brittle, resulting in the development of a narrow cataclasite zone. The cataclasite was weakened through the development of a phyllosilicate foliation. However, healing of fractures strengthened the cataclasites, resulting in the development of anastomosing cataclasite bands within the protomylonite.
Introduction
The distribution of deformed rocks within fault zones (fault zone architecture) provides a first-order control on the style (e.g., viscous creep vs. seismic rupture) and distribution of deformation (Sibson 1977 (Sibson , 1983 Holdsworth et al. 2001; Faulkner et al. 2010) . The study of exhumed fault zones in the field allows characterisation of fault zone architecture (e.g., Chester et al. 1993; Schulz and Evans 1998) and can provide insights into temporal changes in the distribution of deformation (e.g., Imber et al. 1997; Niwa et al. 2009; Shigematsu et al. 2009 ). These results can be used to model fluid flow in and around faults (e.g., Evans and Chester 1995; Caine et al. 1996; Wibberley and Shimamoto 2003) , improve our understanding of earthquake rupture (e.g., Ishikawa et al. 2014; Rowe and Griffith 2015) , and advance the recognition and interpretation of faults in geophysical datasets (e.g., Faulkner et al. 2008) . Intraplate earthquakes typically nucleate in the mid-crust, close to the transition between frictional and viscous deformation (Scholz 1998) . It has been suggested that the contrast in deformation mechanisms and rheology across this boundary could cause loading of seismogenic faults, and may therefore contribute to the initiation of seismic rupture (e.g., Iio et al. 2004; Okudaira and Shigematsu 2012) ; it is therefore critical to characterise the structure of fault zones at the depth of the frictional-to-viscous transition (FVT) .
In this contribution, we aim to determine the architecture of the Median Tectonic Line in SW Japan from directly below the FVT to within the upper crust, using surface outcrops of the fault and surrounding fault rocks. We use quartz lattice preferred orientation (LPO) as a proxy for deformation conditions (stress, strain rate, and temperature) and as an indication of the width of the deforming zone during exhumation of the fault toward the FVT. We selected a study area in western Mie Prefecture where the MTL is well exposed and was not reactivated in the Quaternary, meaning that older structures from deeper crustal levels are well preserved (Figs. 1 and 2). Furthermore, several previous field studies and a borehole drilled into the MTL in the Iitaka region (referred to here as the ITA borehole) provide constraints on the tectonic history and deformation styles of the MTL in this area (e.g., Takagi 1985; Shimada et al. 1998; Wibberley and Shimamoto 2003; Jefferies et al. 2006a, b; Fukunari and Wallis 2007; Okudaira and Shigematsu 2012; Shigematsu et al. 2012; Takagi et al. 2012; Mori et al. 2015) . We focus on two areas where the MTL is well exposed, centred around the previously-described Tsukide outcrop (see Wibberley and Shimamoto 2003) in the west (Fig. 2a ) and the ITA borehole in the east (Fig. 2b) .
Geological setting
The Median Tectonic Line (MTL), in SW Japan, is the longest exposed fault on the Japanese islands (strike length > 1000 km) and has accommodated~200-1000 km of displacement since the Early Cretaceous (Fig. 1b; Ichikawa 1980; Takasu and Dallmeyer 1990; Sakashima et al. 2003) .
Recent seismic experiments indicate that the MTL dips to the north at~30-40°and likely transects the entire crust (Ito et al. 1996 (Ito et al. , 2009 Sato et al. 2015) . Here, we define the MTL as the boundary between two accretionary terranes, termed the Inner Zone (to the northwest, CarboniferousJurassic) and the Outer Zone (to the southeast; Jurassic-early Miocene, Fig. 1b ; Ichikawa 1980) . Within these terranes, the MTL juxtaposes the low-P/high-T Cretaceous Ryoke metamorphic belt, intruded by Cretaceous granitoids, against the high-P/low-T Cretaceous Sambagawa belt. These adjacent linear metamorphosed units have been interpreted as an example of a paired metamorphic belt (Miyashiro 1961) , although this model is disputed (e.g., Brown 1998) . To the southwest, the Upper Cretaceous Izumi Group marine sediments unconformably overlie the Ryoke belt and are juxtaposed against the Sambagawa belt across the MTL (Fig. 1b; Kubota and Takeshita 2008) . Throughout its tectonic history, the MTL has accommodated deformation under various stress fields and kinematic conditions (e.g., Ichikawa 1980; Famin et al. 2014) . Deformation along the MTL began in the Late Cretaceous (before 83 Ma; Shimada et al. 1998; Kubota and Takeshita 2008) with left-lateral strike-slip motion related to oblique subduction at the trench (Ichikawa 1980; Takagi 1986; Shimada et al. 1998; Kubota and Takeshita 2008) , accompanied by pull-apart basin formation and deposition of the Izumi Group (Hara et al. 1980; Miyata 1990; Noda et al. 2017) . The MTL underwent normal-sense motion in the Palaeocene (~63-58 Ma), perhaps triggered by a reduction in convergence rate and/or subduction obliquity or by the balancing of crustal thickening (underplating) with gravitational collapse (Shibata et al. 1989; Kubota and Takeshita 2008) . The Sambagawa and Ryoke belts were likely juxtaposed at this time (Kubota and Takeshita 2008) . Kubota and Takeshita (2008) proposed that, during the Eocene to Oligocene (45-25 Ma), sinistral slip with a component of south-directed thrusting prevailed. In the middle Miocene, the MTL in the Shikoku region accommodated thrusting and normal-sense deformation (Takagi et al. 1992; Takeshita 1993; Fukunari and Wallis 2007) . Thrusting also occurred in the Shikoku and Kinki regions in the Pleistocene (Okada and Sangawa 1978; Huzita 1980; Okada 1980) . Shigematsu et al. (2012) . The location of the boundary between the Hatai Tonalite and the Mitsue granodiorite is after Shigematsu (unpublished map) Westward of the Kii Peninsula, the MTL has undergone right-lateral slip since the Quaternary and remains active (Huzita 1980; Okada 1980 Okada , 2012 Sugiyama 1992) . The mylonitic rocks examined in the present study were deformed during the "Kashio phase" (> 83 Ma), during which sinistral displacement prevailed along the marginal Ryoke shear zone (Shimada et al. 1998; Kubota and Takeshita 2008) .
Correlation between outcrop and borehole data indicates that the MTL in the study area dips to the north at~56° . The Hatai Tonalite, a unit within the Ryoke Belt, crops out to the north of the MTL and was mylonitised during left-lateral deformation (Hayama et al. 1982; Takagi 1985; Nakajima 1994; Sakakibara 1996; Shimada et al. 1998; Suzuki and Adachi 1998; Okudaira et al. 2009 ). A wide mylonite zone (~1-2 km), interpreted to represent the deep portion of the MTL, initially formed while the Hatai Tonalite was hot (~450°C-500°C), and deformation then localised under lower temperatures (~300°C-400°C) at c. 63-62 Ma (Takagi 1986; Dallmeyer and Takasu 1991; Michibayashi and Masuda 1993; Yamamoto 1994; Sakakibara 1996; Shimada et al. 1998) . Brittle deformation overprinted the mylonites at shallow crustal levels, resulting in the development of breccia, cataclasite, and fault gouge. Previous workers have suggested that the formation of mica-defined foliations in the cataclasites resulted in significant weakening of the MTL through the promotion of pressure-solution-assisted frictional-viscous flow (e.g., Jefferies et al. 2006a, b) .
Methods/Experimental
Fieldwork and sample preparation During two, two-week field excursions, we mapped the MTL in the Ako-Miyamae and Tsukide regions, focussing on the zone of mylonitic rocks to the north of the MTL. We systematically measured the orientations of foliations, lineations, fractures, fault planes, and fold axes. Samples collected from the field area were prepared as polished thin sections, which were analysed using a polarising microscope to determine mineralogy and microstructural relationships.
Fracture measurements
To constrain the width of the damage zone to the north of the MTL, we measured the abundance of fractures along approximately N-S transects in river valleys with good exposure. We measured fractures where outcrop was accessible, using the circular intercept method of Mauldon et al. (2001) and Rohrbaugh Jr. et al. (2002) . This method reduces bias related to the orientation and length distributions of fractures and has been shown to provide reliable data when applied to geological fracture sets (Watkins et al. 2015) . We plot cumulative fracture counts, as recommended by Choi et al. (2016) , because variations in fracture densities are represented by changes in slope, which are readily identifiable, allowing an accurate determination of damage zone width.
Classification of samples
To characterise the degree of brittle fragmentation and crushing, we follow Takagi et al. (2012) 
EBSD analysis
For EBSD analysis, we selected 12 mylonitic samples (Table 1 ) from the Tsukide area. Nine samples come from a~N-S-trending river valley that intersects the MTL, two ultramylonite samples were collected from close to the MTL in other river valleys, and one sample was collected far from the MTL, within a band of mylonite (Fig. 2a) . In the Ako-Miyamae region, we selected 12 samples (Table 1 ) from a river valley oriented approximately N-S, close to the ITA borehole. Samples were collected where exposure permitted, resulting in a profile extending~100-400 m northward from the MTL (Fig. 2b) .
Thin sections for EBSD analysis were cut perpendicular to the foliation, where possible, and polished using diamond paste, followed by colloidal silica. EBSD analysis was conducted on carbon-coated samples in a JEOL JIB-4600F/HKD field-emission gun scanning electron microscope (FEG-SEM) at a voltage of 15 kV and a working distance of~25 mm at Hokkaido University, Japan. EBSD patterns were measured by an Oxford Instruments detector and indexed and processed using the Oxford Instruments Aztec software package.
Reduction of noise in the EBSD data was performed using the HKL Channel 5 software package. Pixels with no solution were reduced using a five-neighbour extrapolation, and "wild spikes" (isolated pixels of inconsistent orientation) were removed. Further processing and analysis of the data were conducted in the MTEX toolbox for MATLAB™ (Bachmann et al. 2010) . Contoured pole figures were produced from an ODF calculated at a halfwidth of 10°and were contoured at 1°inter-vals. As many of the analysed samples are mylonitic clasts within cataclasites, their sample reference frame (i.e., foliation and lineation) was unknown during analysis. To rotate the acquired pole figures into the standard orientation used for structural analysis (i.e., lineation plotting E-W and the pole to foliation plotting N-S), we analysed the internal symmetry of the pattern and rotated it to the orientation that was most consistent with LPO produced by the dominant slip systems in quartz (see Schmid and Casey 1986) . To confirm that the chosen rotation was correct, we analysed the misorientation amongst grains and subgrains (misorientation angle > 2°). For boundaries dominated by edge dislocations, misorientation axes are expected to cluster around the normal to a plane containing the slip direction and the pole to the slip plane (e.g., toward the <c> direction for slip parallel to the <a> axis along prism planes (prism <a> slip)) (see Bestmann and Prior 2003) . To quantify the strength and shape of quartz LPOs, we calculated the eigenvalues of the orientation tensor (Woodcock 1977) derived from EBSD data. Fabric strength was quantified using the "intensity" parameter of Lisle (1985) , defined as:
where I = intensity and S i = eigenvalues. This parameter produces a number between 0 and 5, with 0 indicating a uniform distribution and 5 representing a single cluster fabric. This method was preferred over the conventional J-and M-indices as it is not sensitive to differences in sample size, permitting an unbiased comparison between fabrics in various samples. Cluster, girdle, and uniform (referred to as "random" by Vollmer (1990) ) components of LPOs were calculated using the acquired eigenvalues and the following parameters:
where S 1-3 represent the eigenvalues of the normalised orientation tensor (Vollmer 1990 ).
For grain size analysis, we defined grains using MTEX as being separated by boundaries representing at least 10°misorientation. To reduce uncertainty in the calculated grain sizes, we removed grains with less than five measured pixels or that bordered the edge of the maps. Presented grain sizes are circle-equivalent diameters. We follow the method presented by Cross et al. (2017) to separate relict and recrystallised grains. We describe quartz microstructures in terms of aspect ratio (grain length/grain width) and shape factor (grain perimeter/ ellipse-equivalent perimeter; see Takeshita and ElFakharani 2013) . Figure 2a , b shows the distribution of fault rocks around the MTL in the study area. The Sambagawa schist crops out to the south of the MTL, within the footwall. We observe a progressive increase in accumulated damage in the schist within~150 m of the MTL. The rocks are dominantly pelitic, host abundant quartz veins, and dip steeply to the north. Within the schist, numerous brittle, semi-brittle, and ductile deformation features are observed (Fig. 3a, b) . Minor faults developed within the schist are dominantly sub-parallel to the MTL and commonly record normal-sense motion (Fig. 3a) . In addition, we observed many small folds, some of which may be related to slip on associated normal-sense minor faults. The Ryoke granitoid is dominantly mylonitised and foliated and is crosscut by numerous veins and fractures. We identified a broad band of coarse-grained mylonitic rock at~600 m from the MTL in the Tsukide area, within the Mitsue Granodiorite (referred to here as the "exterior mylonite"; Fig. 2a ). Within~200 m of the MTL, the rocks become highly fractured and veined and are interpreted as cataclasites. However, cataclasis is not restricted to rocks adjacent to the MTL, and anastomosing bands of highly fractured rocks are observed up to 350 m north of the MTL (Fig. 3c) . Similarly, rocks classified as moderately and intensely crushed (based on thin section observations) occur up to 250 m from the MTL (groups C and D; Table 1 ). Samples more distal to the MTL are uncrushed (group A; Table 1 ).
Results

Outcrop observations
Foliations in the cataclasites and protomylonites dip, on average, 51°toward 015° (Fig. 2c) . Fractures within the Ryoke mylonites display a wide range of orientations with a weak preferred orientation close to vertical, striking N-S and E-W (Fig. 2c) . Many fractures are barren; however, others contain precipitates of dominantly carbonate, quartz, and chlorite. Faults within the Ryoke rocks show no preferred orientation (Fig. 2c) . The MTL itself is exposed in several places within the field area. In some locations, a sharp contact, directly juxtaposing Ryoke-and Sambagawa-derived rocks, is observed (dipping~60°to the north; Fig. 3d ), whereas in other areas, a zone of 10 cm of black fault gouge is developed along the lithological contact.
Damage zone thickness
The locations of fracture measuring profiles are indicated in Fig. 2a, b , and the results of the measurements are shown in Fig. 4 . We identify clear changes in slope in four of the five cumulative fracture profiles and estimate the damage zone width (in the hanging wall only) as varying between 102 and 268 m (Fig. 4) . The data from profile (ii) are more complex and show a steep trend up to distances of~400 m, with a zone of lower fracture density between~100-200 m. In conclusion, the damage zone within the hanging wall of the MTL in the study area displays considerable along-strike variation, ranging from~100 to 300 m. Correction for the dip of the MTL (56°; Shigematsu et al. 2012 ) produces a true thickness for the damage zone of 85-222 m.
Thin section observations
Thin section observations of Ryoke samples reveal an increase in the proportion of recrystallised grains toward the MTL. Protomylonite (recrystallised grains < 50%; Sibson 1977) is dominant far from the MTL, whereas entirely recrystallised, very fine-grained ultramylonite (recrystallised grains > 90%; Sibson 1977 ) occurs closer to the fault. The width of the ultramylonite zone (measured N-S) varies along strike between 0 and~100 m but is typically~50 m thick (Fig. 2a, b) . Mylonitic rocks (recrystallised grains = 50-90%; Sibson 1977) are rarely observed in the study area, and the transition from protomylonite to ultramylonite is abrupt. Mylonites are, however, found locally in isolated patches along the MTL, as well as within the "exterior mylonite" (Fig. 2a, b) .
Protomylonite samples contain large porphyroclasts of plagioclase that have commonly undergone extensive sericitisation (Fig. 5a ). In some samples (likely those with a more mafic bulk composition), former hornblende porphyroclasts have been replaced by coarse-grained dark blue chlorite (cf. Takagi 1985; Kaneko et al. 2017) . Mylonitic samples are typically overprinted by cataclasis and contain < 50% feldspar porphyroclasts. Samples from the exterior mylonite zone in the Tsukide area (Fig. 2a) contain coarse recrystallised quartz grains, lacking undulatory extinction and subgrain structures, separated by lobate, interleaving grain boundaries (arrows in Fig. 5b ). Ultramylonitic samples have extremely fine grain sizes, making thin section observations difficult. They have a strong foliation defined by alternations of muscovite-and quartz ± feldspar-rich bands (Fig. 5c) . 
Veins are variably developed in the analysed samples, correlate with the degree of cataclasis, and commonly crosscut porphyroclasts and recrystallised matrix (Fig. 5a, c, d ). Vein fills include calcite (Fig.  5a) , chlorite, quartz, white mica, and prehnite ( Fig.   5d ; cf. Kaneko et al. 2017) . Cataclastic samples contain clasts of ultramylonite and show evidence for fracturing, granulation, clast rotation, and diffusive mass transfer. The matrix in cataclasites is typically fine grained and phyllosilicate-rich (Fig. 5e) . In some 
samples, zones of almost pure cataclastic matrix are observed and are classified as ultracataclasites ( Fig.  5f ) (Sibson 1977) . In others, phyllosilicate minerals are aligned and define a cataclastic foliation (P-fol; Fig. 5e ), and in one sample from the Ako-Miyamae area, we observe folding of such a fabric (Fig. 5f ).
Quartz microstructures-Tsukide area
Variation in quartz microstructure in the Tsukide area is independent of distance from the MTL, with aspect ratios (AR) and shape factors (SF) ranging from 1.53 to 1.68 and 1.12 to 1.46, respectively (Fig. 6a) . Sample T-12 (collected from the exterior mylonite zone, 641 m from the MTL) contains coarse relict (327 μm) and recrystallised grains (142 μm) (Fig. 7a) . However, recrystallised grain size in the other samples does not vary systematically with distance from the MTL, ranging from 4 to 30 μm (Fig. 9a) . We observe fine recrystallised grain sizes far from the MTL (222 m) (Figs. 7b and 9a) as well as closer to the fault (50 and 14 m; Fig. 7c ). Samples with moderately large recrystalised grains, which contain elongate (AR = 1.68) relict grains with complex grain boundaries (SF = 1.46), can be found up to 36 m from the MTL (e.g., T-04; Fig. 7d ). Samples far from the MTL (> 78 m) yield quartz LPOs with [c]-axes clustered parallel to the Y structural direction, and <a> axes concentrated within the XZ plane in three-point concentrations, approximating a single crystal texture (Y-maximum; Fig. 9a ). However, several samples (T-06 and T-08-11) also contain aggregates that yield single girdle patterns. Sample T-04, collected from 36 m north of the MTL, displays a concentration of [c]-axes around the Z direction, and three-point concentrations of <a> axes within the XY plane, approximating a single crystal orientation (Z maximum; Fig. 9a ), which is similar to fabrics described by Okudaira and Shigematsu (2012) for ITA borehole samples from close to the MTL. Random fabrics are observed in samples from 22 (T-03) and 50 m (T-05) from the MTL (Fig. 9a) , although both samples contain areas that yield weak LPOs. The two samples collected closest to the MTL (T-01 and T-02) preserve type-I crossed girdles (Schmid and Casey 1986 ) with maxima around poles to the rhomb planes (R-maxima; Fig. 9a ). LPO intensity is generally not correlated with distance from the MTL, although low-intensity LPOs dominate within 22 m of the MTL (Fig. 10a) . Trends in LPO components are also unclear, although we observe an increase in the proportion of girdle fabrics toward the MTL (Fig. 10b) . The exterior mylonite sample has a strong Y-maximum fabric dominated by a point component (Fig. 10a, b) .
Quartz microstructures-Ako-Miyamae area
In contrast to the Tsukide area, we observe a systematic variation in quartz microstructure with distance from the MTL (Fig. 8a-d) . Far from the MTL (> 160 m), protomylonites contain roughly equant quartz grains with AR of 1.52-1.61 and mean recrystallised grain sizes of 33-43 μm (Figs. 6b, 8a and 9b ). Grain boundaries are generally curved and show a moderate degree of complexity with mean SF of 1.20-1.46 (Fig. 6b) .
Closer to the MTL (~155-130 m), quartz grains become elongate (AR = 1.64-1.83) and grain boundaries are less complex (SF = 1.11-1.38; Figs. 6b and 8b) . Mean recrystallised grain sizes of these samples range from 38 to 49 μm, similar to samples containing equant grains (Fig. 9b) . In contrast, at~130 m from the MTL, recrystallised grain size (4-15 μm), AR (1.37-1.50), and SF (1.06-1.23) are all observed to decrease rapidly (Figs. 6b, 8c and 9b ). However, sample I-01, located 60 m from the MTL, contains coarser grains with complex boundaries (AR = 1.63, SF = 1.45; Figs. 6b, 8d and 9b). In summary, elongate quartz grains with simple grain boundaries occur at~150 m from the MTL, with equant grains dominating closer and further from the fault (excluding sample I-01). At distances closer than 150 m, recrystallised grain size decreases rapidly to a minimum of 4 μm. In the Ako-Miyamae area, quartz LPO and recrystallised grain size are well correlated with distance from the MTL (Fig. 9b) . At large distances from the fault (1 50-400 m), coarse-grained quartz yields Y-maximum fabrics (I-06-12). Between~150 and 115 m from the MTL, we observe a decrease in grain size and a change in [c]-axis distribution to type-I crossed girdles with a Y-maximum component (I-05), single girdle (I-03), and type-I crossed girdles with R-maxima (I-04) fabrics (Fig.  9b) . These fabric types are gradational and represent varying concentrations of [c]-axes within the YZ plane. Between~120 and 100 m from the MTL, we observe fine recrystallised quartz grains with weak to random LPOs (I-02; Fig. 9b ). However, the ultramylonite sample closest to the MTL (I-01) yields an R-maximum fabric (Fig. 9b) . The strength of quartz LPOs within the AkoMiyamae profile is observed to decrease toward the MTL, with a minimum at 109 m reflecting auniform LPO (Fig. 10c) . With decreasing distance from the MTL, fabrics become less clustered, while girdle and uniform contributions increase (Fig. 10d) . A distinct change in gradient is observed at~150 m, approximately the same distance at which mean recrystallised grain size is observed to decrease (Figs. 9b and 10c, d ).
Discussion
Deformation temperature
Quartz microstructures (Hirth and Tullis 1992; Passchier and Trouw 1998; Stipp et al. 2002) and slip systems (Mainprice et al. 1986; Schmid and Casey 1986; Takeshita et al. 1999; Little et al. 2013 ) are sensitive to temperature and may be used to constrain the prevailing conditions during deformation. Many of the investigated samples yield strong LPOs and contain relict grains with significant intragranular distortion, indicative of deformation accommodated by dislocation creep. Although the effects of temperature on quartz LPO development are not well quantified (see Toy et al. 2008) , many studies report a general dominance of prism<a> slip under upper greenschist-to amphibolite-facies conditions, and mixed<a> slip (prism-, rhomb-, and/or basal<a> slip) under lower greenschist conditions (e.g., Takeshita et al. 1999; Little et al. 2013) . At temperatures above~650°C
, prism<c> becomes the dominant slip system in quartz (Mainprice et al. 1986; Law 1990) .
Protomylonite samples from >~100 m north of the MTL dominantly preserve Y-maximum LPOs, characteristic of slip on the prism<a> system, likely corresponding to deformation temperatures of~350°C-550°C (Mainprice et al. 1986; Schmid and Casey 1986; Okudaira et al. 1995) . This estimate is further constrained by the observation of subgrain structures and a large proportion of low angle boundaries, suggesting recovery by subgrain rotation recrystallisation (SGR) at temperatures between~350°C and 450°C (Stipp et al. 2002) , and the presence of sheared chlorite after biotite within some protomylonite samples, suggesting deformation within the greenschist facies. The exterior mylonite (Fig. 2a ) also records slip along the prism<a> system, but lacks chlorite, and contains quartz grains that lack internal distortion, surrounded by lobate grain boundaries, suggesting they recrystallised by grain boundary migration (GBM), consistent with deformation under higher temperatures (~450°C-650°C; Stipp et al. 2002) than the protomylonite samples. Closer to the MTL, samples yield R-maxima, Z-maximum, and type-I crossed girdle fabrics, suggesting that deformation in these samples was accommodated by mixed basal, rhomb, and prism<a> slip, likely under lower greenschist-facies temperatures (Takeshita and Wenk 1988; Takeshita et al. 1999) .
Differential stress and strain rate
To constrain the differential stress within the MTL fault zone during formation of the mylonitic rocks, we constructed quartz deformation mechanism maps. Dislocation creep may be represented by the flow law proposed by Hirth et al. (2001) :
where _ ε is the strain rate (s − 1 ), A is a material parameter (log A = − 11.2 MPa − 4 s − 1 ), f H 2 O is the water fugacity, m is the water fugacity exponent (1), σ is differential stress (MPa), n is the stress exponent (4), Q is the activation energy (135 kJmol
), R is the universal gas constant (8.314
), and T is temperature (K). We calculated water fugacity using JavaScript code hosted at http:// www.geo.umn.edu/people/researchers/withe012, which solves the equation of state for water determined by Pitzer and Sterner (1994) . We assume that water was present during deformation due to the observation of abundant hydrous phases (e.g., muscovite and chlorite) in the deformed samples. Nabarro-Herring diffusion creep (i.e., deformation accommodated by volume diffusion) was modelled using the flow law of Rutter and Brodie (2004) :
where _ ε is the strain rate (s − 1 ), σ is differential stress (MPa), and d is the grain size (μm). This law is applicable to fluid-absent conditions; however, Rutter and Brodie (2004) observed no variations in mechanical response associated with water fugacity variations of~80 MPa. Pressure-solution creep can be represented by the general equation: Brok 1998) where A is a grain shape constant (44 for spherical grains), V m is the molar volume of the solid phase, c is the solubility of the solid phase in the fluid, D is the diffusivity of the solid phase along grain boundaries or in grain boundary fluids, w is the width of grain boundaries, ρ f and ρ s are the densities of the fluid and solid phases, respectively, and d is the grain size. Behr and Platt (2013) compared predicted strain rates from three pressure-solution flow laws with naturally constrained values and determined that the "thin-film" model of Rutter (1976) best matched their observations. We therefore also adopt the thin-film model, which assumes that diffusion occurs across a thin layer of fluid along grain boundaries, and therefore the length scale of diffusion is controlled by the grain size. We calculated c according to Fournier and Potter (1982) and used values of V m = 2.269 × 10 −5 m 3 mol −1 (Berman 1988) , D = 4.48 × 10 −26 m 2 s −1 (Okudaira et al. 2013) , w = 100 nm (Joesten 1983 ) ρ f = 1.083 gmL −1 (Burnham 1969 ), and ρ s = 2.65 gmL −1 . Figure 11 shows two deformation mechanism maps calculated at representative temperatures for the protomylonite/ mylonite and ultramylonite samples (400°C and 300°C, respectively; see previous section) and confining pressures equivalent to a geothermal gradient of 25°Ckm
, typical of intraplate continental crust. The piezometer of Cross et al. (2017) , which is calibrated for use with EBSD data, is shown on Fig. 11 and can be used to constrain the differential stress during deformation of samples deformed by dislocation creep under steady state. This piezometer uses the following relationship:
where D is the recrystallised grain size and σ is the differential stress. The protomylonite samples display a bimodal grain size distribution (i.e., porphyroclasts and recrystallised grains), with most strain likely accommodated within the recrystallised grains. To determine whether these grains achieved steady-state deformation, we constructed grain size histograms for recrystallised grains in all protomylonite samples (e.g., Fig. 12a-d) . We included histograms based on area fractions to reduce the bias associated with the large number of small grains that are produced during grain reconstruction. The grains generally display a lognormal distribution (Fig. 12a-d) , indicating the achievement of steady-state deformation. However, some variation is observed, with some samples displaying bimodal distributions (e.g., Fig. 12d ). The piezometer suggests that protomylonites and mylonites deformed under stresses of 39.0-81.3 and 70.2-87.8 MPa, respectively. The deformation mechanism map indicates that these samples deformed under a strain rate of between~10 −15 and 10 −14 s −1
. The exterior mylonite contains coarse grains, indicating deformation under relatively low differential stress (20.0 MPa). As stated above, this sample likely deformed at a higher temperature than the other samples, and therefore a strain rate contour for 500°C is included in Fig. 11a .
We observe two types of ultramylonites, differentiated by their quartz LPO. Samples I-01, T-01, and T-03 are fine-grained ultramylonites with R-maxima LPOs (ultramylonite-I), interpreted to have deformed by dislocation creep at~300°C under high differential stress (~84-136 MPa; Fig. 11b ). One protomylonite sample (T-08) contains a subset of fine matrix grains (mean = 5.3 μm), that also yield R-maxima LPOs and are therefore interpreted to have recrystallised under similar conditions as ultramylonite-I. The other examined ultramylonite samples contain fine, equant quartz grains that lack intragranular distortions and have weak to random LPOs (ultramylonite-II). Based on this evidence, we infer that these samples deformed dominantly by grain-size sensitive creep. However, recrystallised grain diameters should be < 0.1 μm at 300°C for Nabarro-Herring diffusion creep to occur at geological strain rates (dashed lines in Fig. 11b ). The abundance of phyllosilicate minerals and pressure-solution seams (Fig. 5e ) in these samples suggests deformation under fluid-present conditions, with deformation dominantly accommodated by pressure-solution creep. To test this hypothesis, we plot strain rate contours for pressure-solution creep in Fig. 11b . The grain sizes obtained from ultramylonite-II samples are consistent with pressure-solution creep occurring at geological strain rates (10 −13 -10 −15 s − 1 ; Pfiffner and Ramsay 1982) at stresses of between 1 and 385 MPa. Pressure-solution creep is known to result in the elongation of grains through the dissolution of material at high-stress regions and reprecipitation in sites oriented perpendicular to the extension direction (Shimizu 1995) . In the Tsukide area, the samples with the weakest quartz c-axis fabrics are characterised by elongate grains, consistent with deformation by pressure-solution creep (Fig. 13) . However, other mechanisms can result in grain elongation and therefore a precipitation origin must first be verified by other methods, such as cathodoluminescence. A similar trend is not observed in the AkoMiyamae region. It is therefore possible that pressuresolution creep accommodated some deformation; however, we cannot rule out the possibility that some samples deformed via dislocation-accommodated grain-boundary sliding (dis-GBS), as concluded by Okudaira and Shigematsu (2012) for ultramylonites in the ITA borehole. Okudaira and Shigematsu (2012) identified intragranular distortions within fine grains, which were not observed in our samples. Further study is required to distinguish between pressure-solution creep and dis-GBS as viable deformation mechanisms. If pressure-solution creep was activated, it is not possible to determine whether this process was associated with weakening without an independent constraint on the strain rate within the MTL at this time. Pressure-solution creep would require the presence of a fluid, the origin of which could be constrained through oxygen, carbon, and hydrogen stable isotope analysis (e.g., Morrison 1994; Losh 1997; Agosta et al. 2008; Menzies et al. 2014) . We currently lack such data and therefore cannot distinguish between metamorphic, magmatic, or meteoric fluids. However, Menzies et al. (2014) and Fujimoto et al. (2002) have shown that meteoric water may penetrate along major faults down to the FVT, due to dilation during ductile deformation or seismicity. In addition, it is possible that the onset of seismicity allowed fluid influx during temporary dilation along the MTL (see Sibson et al. 1988; Sibson 1989 Sibson , 1992 . Figure 14 is a cartoon illustrating the approximate distribution of fault rocks in the hanging wall of the MTL. The observed features can be understood in terms of overprinting relations (e.g., Ichikawa 1980; Takagi 1986; Shimada et al. 1998; Jefferies et al. 2006b; Shigematsu et al. 2012; Okudaira and Shigematsu 2012; Shigematsu et al. 2017) . During cooling and/or uplift of the fault zone, the dominant deformation mechanisms and the width of the deforming material varied (Fig. 14) . The presence of the exterior mylonite suggests that at high temperature (> 500°C), multiple thick mylonite zones were active, distributed over several hundred meters from the MTL, most of which became abandoned as temperatures decreased. Similar mylonite belts have also been reported from further north of the MTL (1-5 km; Shimada et al. 1998 ) and may have been active under similar conditions. The exterior mylonite occurs only within the Mitsue granodiorite in the mapped area, suggesting that this lithology may have been more favorable for deformation at this stage in the development of the MTL. Further mapping and lithological data are required to test this hypothesis.
Architecture of the MTL
With decreasing temperature (~350°C-450°C), protomylonite and mylonite in direct proximity to the MTL developed within a broad zone of viscous deformation that likely formed the deep root of a crustal-scale fault zone. Decreasing temperature and increasing stress (inferred from paleopiezometry calculations) resulted in the development of a narrow zone of fine-grained ultramylonites. Influx of fluid caused a transition to grainsize-sensitive creep. It is currently unclear whether the ultramylonites with uniform quartz c-axis fabrics (ultramylonite-II) represent a temporal change in deformation mechanism (overprinting), or whether ultramylonite-I and ultramylonite-II were coeval, and in areas where fluid penetrated the fault zone, pressure-solution creep was activated (spatial variation). Further detailed mapping within the ultramylonite zone is required to distinguish between these two possibilities. However, we currently favor the former hypothesis as samples T-01 and T-02 record transitional fabrics that are consistent with temporal overprinting (i.e., they have undergone limited grainsize-sensitive creep, which has partially randomised their quartz fabrics).
Further cooling prompted a switch to brittle deformation, resulting in the development of a cataclasite zone that was initially localised along the MTL. Development of a phyllosilicate foliation within the cataclasites caused substantial weakening (see Jefferies et al. 2006a, b) , preventing the accumulation of significant stress in the cataclasites. The folding of cataclastic foliations suggests an overlap between brittle and ductile deformation mechanisms (Fig. 5f ). The common observation of veins within the cataclasites suggests that fluid-rock interaction followed fracturing, resulting in the deposition of minerals within fractures, which may have led to a recovery in strength, a process thought to occur during the interseismic period (Tenthorey and Cox 2006) . This strengthening resulted in the propagation of the cataclasite zone outward from the MTL, where new, weak foliated cataclasite developed. Thus, intensely crushed rocks (group D) now occur up to 250 m from the MTL (Table 1) . Deformation under shallow crustal conditions produced fine-grained foliated black fault gouge that occurs locally along the lithological boundary between Ryoke-and Sambagawa-derived rocks. Due to paucity in exposure, it is unclear whether the gouge is variably developed along strike, or whether it only locally traces the lithological boundary and in some areas, migrates into the Sambagawa schist. The latter interpretation is supported by the observations of numerous deformation events within the gouge (Shigematsu et al. 2017) , migration of the principle slip zone away from the lithological boundary at Awano-Tabiki (Shigematsu et al. 2017) , and a Miocene age from a Tsukide gouge sample (11 Ma, unpublished K/Ar data), suggesting the gouge post-dates juxtaposition of the Ryoke and Sambagawa belts.
A wide damage zone (100-300 m) developed during brittle deformation and likely reflects a large displacement across the MTL under upper crustal conditions. Takagi et al. (2012) estimated the thickness of the damage zone to the north of the MTL along the Nishitani river (~1 km east of the Ako-Miyamae area) as~500 m. This discrepancy may be due to the use of a different counting method (scanning polished rock slabs and processing in Adobe Illustrator). In contrast to our measurements, their estimate for the thickness of the damage zone did not use cumulative fractures, as recommended by Choi et al. (2016) . However, the difference between our results and those of Takagi et al. (2012) is relatively small, and we infer considerable along-strike variation within the study area. Our results therefore may indicate that the width of the damage zone within the hanging wall of the MTL varies between~100 and 500 m. The complex fracture distribution in profile (ii) (Fig. 4) could be interpreted as representing a wide zone of damage associated with the MTL in this location or as evidence for the presence of a minor fault to the north of the MTL. The second interpretation is supported by the observation of cataclasites at~350 m from the MTL in this river valley (Fig.  2a) . The MTL has undergone multiple reactivation events under brittle conditions (see Shigematsu et al. 2017 ), all of which may have contributed toward the accumulation of damage surrounding the fault. Furthermore, Takagi et al. (2012) reported X-ray line broadening and crystallinity index data that record a period of cataclasis at deeper crustal levels, which resulted in the generation of dislocation tangles within quartz grains. Therefore, to fully characterise cataclasis in the hanging wall of the MTL, future work is required to relate the observed damage structures to specific deformation events.
Conclusions
(1) The hanging wall of the MTL in Mie Prefecture preserves mylonitic rocks that deformed under mid-crustal conditions. A broad zone of protomylonite was overprinted by a narrow band of fine-grained ultramylonite.
(2) Deformation by dislocation creep occurred during decreasing temperature and increasing stress, resulting in the localisation of plastic deformation under high stresses in the crust.
(3) Influx of fluid into the fault zone, perhaps facilitated by seismic faulting, promoted a switch to grainsize-sensitive creep, immediately below the frictional-to-viscous transition.
(4) The mylonites were overprinted by brittle cataclasis that developed in a zone similar in width to the ultramylonites, but which propagated into the protomylonite, likely due to strengthening of the cataclasite through vein development. 
